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ABSTRACT
DIVERSITY IN DARKNESS: SHEDDING LIGHT ON CRYPTIC SPECIES IN THE
CAVE BEETLE GENUS DARLINGTONEA VALENTINE USING 3RAD
SEQUENCING
The relationship between geographic distribution and phylogeny is pronounced in
patchy, discontinuous habitats that limit gene flow, such as cave ecosystems. The
isolating nature and selective pressures of cave environments can result in relatively high
levels of endemism and cryptic speciation in cave faunas. Cryptic speciation exhibited in
cave faunas is poorly studied, though it is an integral aspect to consider when discussing
conservation efforts.
Our study employed the 3RAD genomic sequencing technique and robust
population sampling across the distribution of a monotypic genus of cave beetle,
Darlingtonea Valentine, that inhabits karst systems in a nearly 200 square mile range in
south-central Kentucky and possibly northern Tennessee.
The 3RAD technique yielded tens of thousands of single nucleotide
polymorphisms (SNPs) from homologous loci across the entire genome from 161
individuals that were analyzed through population structuring software packages
Structure and a Discriminant Analysis of Principle Components (DAPC) to best fit the
genetic diversity of the genus into distinct species clades and through a Bayesian analysis
to hypothesize population relationships and estimate genetic divergence.
Significant barriers to gene flow were discovered throughout the distribution of
Darlingtonea that separates populations into 11 distinct genetic species clades supported
by Bayesian inference, Structure analyses, and DAPC. The substantial lack of gene flow
between populations and extremely limited ability to disperse effectively is accompanied

by overwhelming evidence that the genus should be represented by 11 independent
species. Delineating cryptic species and defining their boundaries is integral in deciding
how to direct conservation effort for the unique and fragile ecosystem found within karst
ecosystems in eastern North America and other places in the world.

Keywords: 3RAD, RADseq, Darlingtonea, species delimitation, Kentucky, cryptic
species
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CHAPTER ONE
DIVERSITY IN DARKNESS: SHEDDING LIGHT ON CRYPTIC SPECIES IN CAVE
BEETLE GENUS DARLINGTONEA VALENTINE USING 3RAD SEQUENCING
Introduction
Chemical dissolution and erosion of large limestone deposits in the eastern United
States has led to a widespread karst landscape that boasts a notable array of subterranean
biodiversity (May, 2014; Peck, 1998). The Mississippian Plateau, separated into western
(MP-I) and eastern (MP-II) bands by the Cincinnati Arch formation (Figure 1), spans
northern Alabama and Mississippi to southern Indiana and northeastern Kentucky and is
home to thousands of caves including Mammoth Cave (Edmonson County, Kentucky),
the longest mapped cave system in the world. Nationwide, there are over 1,350 described
cave obligate species (Niemiller et al., 2019). The cave systems occurring in MP-I and
MP-II are home more than 400 species and subspecies as of 2019 (Niemiller and Zigler,
2013; Niemiller et al., 2019). This assemblage is notably diverse in carnivorous ground
beetles of subfamily Trechinae (Coleoptera, Carabidae). Cave trechines are the most
abundant troglobiotic carnivores in terrestrial cave ecosystems that lacks primary
productivity (Barr, 2004). In terms of known diversity, cave trechines are the dominant
terrestrial troglobionts (obligate cave dwellers) in North America with five genera east of
the Mississippi River and over 250 species estimated in a single genus,
Pseudanophthalmus, alone (Peck, 1998; Niemiller et al. 2019).
Despite their already impressive biodiversity, caves are poorly studied and likely
contain many more species yet to be described. Fewer than seven percent of Tennessee
caves have been inventoried for biodiversity (Niemiller & Zigler, 2013), and it can be

assumed that Kentucky caves, with parallel structure, have also been studied at
comparably low rates.
The relationship between geographic distribution and phylogeny is pronounced in
patchy, discontinuous habitats that limit gene flow, such as cave systems. It has been
proposed that the same historical, biological, physical, and stochastic processes that
influence island diversity and dispersal apply to troglobionts (Culver, 1970). The highly
modified morphology, physiology, and behavior of troglobionts (termed troglomorphy)
serve as a strong obstacle to dispersal outside of the karst environment (Faille et al.,
2015; Apostolopoulos & Philips, in press). This is exacerbated by the discontinuous
distribution of hospitable caves that vary in density across the Mississippian plateau.
Endemism expressed in cave faunas is notably high, and diverse assemblages of
endemic cave beetle species with extremely limited distributions can be found in the cave
“islands” of the Appalachians and Interior Plateau of eastern North America (Niemiller &
Zigler, 2013). Hence the density of single cave endemic troglobionts is high in southcentral Kentucky, likely due to the disconnected nature of karst habitats occurring in this
region resulting in divergent evolution in the taxa that are confined to them (Christman et
al., 2005). It is estimated that 45% of all cave beetle species found in the eastern United
States are only known from a single cave (Christman et al., 2005).
On the contrary, the genus Darlingtonea is represented by a single described
species (Darlingtonea kentuckensis Valentine, 1952). Darlingtonea is a cave-restricted
trechine that acts as a top terrestrial predator in much of the karst systems occurring along
the MP-II from southern Estill County, Kentucky to northern Fentress County, Tennessee
(Figure 1, 2) (Valentine, 1952; Barr, 2004; Boyd et al., 2020). This genus grows to a
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much larger body size (6-8mm) than two of the closely related genera that overlap in
distribution (Pseudanophthalmus and Ameroduvalius), likely due to their semispecialized feeding behavior of digging up and eating cave cricket (Hadenoecus spp.) ova
(Barr, 1979). Darlingtonea (and other cave trechines) is a true troglobiont and has
adapted to life in caves through lengthened appendages, specialized sensory setae,
enlarged mouthparts, eyelessness (though few sensillae remain; Figure 2), winglessness,
and lighter pigmentation than their epigean relatives (Figure 3). These troglomorphic
adaptations, along with physiological limitations to surviving outside cave habitats
(Apostolopoulos and Philips, 2022), suggest that Darlingtonea and other cave trechines
would likely have a difficult time colonizing new cave systems through above-ground
dispersal.
It was originally hypothesized that cave trechines became confined to caves
during glacial-interglacial transitions during the Pleistocene that concluded with the
beginning of the Holocene (Barr 1985a and b; Barr and Holsinger, 1985). If similar to
the evolution of European cave trechines, this estimate is far too young as molecular
analyses suggest divergence times in the range of 9–15 million years ago (Faille et al.,
2010; 2015). Regardless of the age of origin, the hypothesized scenario for the evolution
of troglobiotic trechines is as follows and is visualized with Figure 4: when surface
conditions began to fluctuate from a cool, moist habitat into one that was drier and
warmer, surface carabids that were adapted to high humidity and mild temperatures
retreated to refugia that maintained those conditions, like caves, deep soil, or shady
ravines. Extended periods of isolation in cave systems led to allopatric speciation of
trechines and were interrupted by periods of dispersal during cooler, wetter intervals that
3

ended most recently at the end of the Pleistocene (Barr 1969, 1971, 1973; Barr and
Holsinger, 1985).
A Bayesian phylogenetic analysis (Bayesian Analysis Toolkit) of mitochondrial
DNA (mtDNA) conducted herein suggests that the original speciation of Darlingtonea
may have occurred in the central part of their current distribution (northeast of Somerset,
Pulaski County, KY) and populations have since radiated north and south along the
eastern flank of the Mississippian Plateau (MP-II) during favorable epigean conditions.
Based on a qualitative assessment of morphological characters, Darlingtonea was
originally described as a monotypic genus. Morphological diversity between populations
of D. kentuckensis was acknowledged by Valentine (1952) and Barr (1959), but further
species-level subdivisions using morphological characters were not proposed. For
example, a population of Darlingtonea found in Great Saltpeter Cave in Rockcastle
County was thought to be distinct enough by Valentine (1952) to warrant a subspecific
name, D. k. lexingtoni Valentine. He noted a slightly paler cuticle color, slightly
narrower pronotum, flatter elytral disc, and slight differences in male genitalia.
Morphological differences that correspond to up to seven geographical “races” were
noted by Barr (1985).
Recent population genetics research based on mtDNA (Boyd et al., 2020)
suggests that there may be five or more lineages of Darlingtonea that could deserve
designation as independent species. This preliminary research was useful for examining
genetic divergence and connectivity between cave sites, though sampling from 27 caves
was relatively sparse. Conducting more robust sampling and additional genomic analyses

4

could aid in understanding Darlingtonea as a polytypic genus exhibiting cryptic diversity
rather than a more widely distributed single species.
Molecular delimitation of cryptic species is significant in that it reminds us of
how severely incomplete our understanding is of biodiversity (Fiser et al., 2018; Delic et
al., 2017). Overexploitation of groundwater along with agriculture pollution, oil and gas
extraction, urban development, and transportation expansion are all confounding factors
that result in Kentucky karst being among the top 10 most endangered karst systems on
Earth (Romero, 2009). Cryptic species in the Mississippian karst systems of eastern
North America could reveal potential biodiversity hotspots that could warrant additional
conservation efforts (Bickford et al., 2007; Niemiller et al., 2013b).
Using restriction-site associated DNA sequencing (RADseq) techniques, such as
3RAD, in addition to mtDNA analysis (e.g., CO1 or 16S) on populations can notably
improve the power of using genomics to delineate cryptic species by randomly sampling
the entire genome and substantially increasing the number of polymorphic loci
discovered in individuals (Newton et al., 2020). Our study employed the 3RAD genomic
sequencing technique and robust population sampling across Darlingtonea’s known
distribution to compliment the work of Boyd et al. (2020). We used species delimitation
tests on both the RADseq data and previously sequenced mtDNA data to estimate the
degree of divergence between clades and to determine the appropriate taxonomic
treatment for the genus. Analyzing additional populations of Darlingtonea that better
represent the genetic diversity of their entire distribution with multiple population
genomic approaches will further illuminate the phylogeographic history of Darlingtonea
and cave trechines more broadly. Based on previous molecular phylogenetic data, we
5

hypothesize that the previously described subspecies, D. k. lexingtoni, is supported as an
independent species along with additional genetically isolated clades deserving
designation as separate cryptic species of genus Darlingtonea.

Materials and Methods
Field Sampling
A total of 161 individuals from 56 cave localities (Table 1) were included in this
study. Individuals were collected from 27 cave localities from September 2020 to August
2021 with an additional 81 individuals from 29 caves collected by Boyd et al. (2020)
from 2008–2015. All beetles were collected by hand and placed in 100% ethanol for
short-term storage and later stored at -80°C until DNA extraction. Caves reported to
contain the target taxon by Harker and Barr (1979) or Lewis (2004) were prioritized with
special attention given to caves that would allow for a nearly continuous sampling across
the distribution of the genus, though this is inherently difficult with a habitat that is
naturally disjointed and patchy (Boyd et al., 2020; Valkanas & Philips, unpublished).
Additional caves within the distribution were discovered through local contacts.
Appropriate precautions recommended by the National WNS Decontamination Protocol
(v.10.2020) were taken to prevent the spread of the introduced pathogen Geomyces
destructans Blehert & Gargas that has caused massive population declines in North
American bat species. Caves that reportedly serve as hibernacula or nurseries for the
federally endangered Indiana bat (Myotis sodalis) and gray bat (Myotis grisencens),
respectively, were avoided during their respective seasonal restrictions.
6

DNA Extraction
Up to five individuals per cave were used for extraction and sequencing to
compare within- and among-population diversity. Total genomic DNA was extracted
using an E.Z.N.A.® Insect DNA Kit and following a previously successful and highyielding protocol detailed by Philips and Valkanas (unpublished). Whole individuals
were ground inside 1.5mL tubes with sterile plastic pestles and incubated in a solution of
proteinase K and CTL buffer between one and four hours at 60°C. The concentration of
extracted DNA was quantified with a NanoDrop 2000 spectrophotometer (Thermo
Scientific). DNA samples were stored at -80°C in 1.5mL test tubes after extraction from
specimens. Samples were hand delivered to Tangled Bank Conservation (Asheville,
North Carolina; tbconservation.org) for library preparation.
Library Preparation and Sequencing
Samples at the Tangled Bank Conservation facility were prepared to produce
dual-digest RADseq libraries by following a modified 3RAD protocol (BayonaVásquez et al. 2019) as follows: double enzyme digest, adapter ligation, limited cycle
PCR, and a 1.2 concentration Serapure SpeedBead cleanup (Rholand & David 2012). The
double enzyme digest mixture was modified to increase the amount of genomic DNA to
10uL and decrease the amount of dH2O to 0.5uL. Restriction enzymes ClaI, BamHi, and
MspI (New England Biological) were used for digestion. To multiplex each sample, i5
and i7 iTru adapters and primers were used as dual internal indexes (Glenn et al. 2019).
Following the SpeedBead clean-up, fragment lengths were visualized on a gel and their
concentration was quantified using a Qubit. Libraries were pooled to 100ng/uL in pools
of 48 individual libraries. They were cleaned up a second time using SpeedBeads and
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eluted to 32uL. The library of 400–600bp was size-selected using Pippin Prep (Sage
Science Inc.). The DNA concentrations were quantified again using a Qubit and then sent
to Genewiz for sequencing. At the Genewiz facility, sample pools were quality checked
using a D1000 ScreenTape on the Agilent TapeStation (Agilent Technologies, Palo Alto,
CA, USA) and quantified using a Qubit 2.0 Fluorometer. The DNA libraries were also
quantified by real time PCR. The libraries were sequenced on a single lane of an Illumina
NovaSeq instrument using a 2x150 paired end (PE) configuration.
3RAD Data Filtering, Assembly, and Phylogenetic Analysis
We tested various parameters in software pipeline ipyrad v0.7.28 (Eaton and
Overcast 2016) designed to assemble loci from short-read sequences to optimize the
number of single nucleotide polymorphisms (SNPs) used and coverage. We set the
clustering threshold to 88%, minimum depth for statistical base calling to 10, minimum
depth for majority-rule base calling to 10, and number of individuals per locus to 155
(Table 2).
A total of 165 individual Darlingtonea were used to construct phylogenetic trees
based on Bayesian analysis with Mr. Bayes v3.2.7a (Ronquist and Huelsenbeck, 2003).
The outgroup for this analysis was a closely related cave trechine genera, Ameroduvalius.
The model used was nst = 1 which is equal substitution rates among all bases. One
million generations were conducted that resulted in a split frequency value of ~0.05.
Burn-in value was the default (25%). Trees were viewed in FigTree v1.4.4 (Rambaut
2014).
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3RAD Population Structure and Species Delimitation
Population structure was assessed by running SNPs through Structure (v. 2.3.4).
The structuring algorithm was executed on the full, unlinked dataset with the number of
populations (K) set from one to 15. We ran each K ten times and found the optimal K
using CLUMPAK Best K (Kopelman et al., 2015) and StructureHarvester (Earl and
vonHoldt, 2012). Each initial partition was re-run through STRUCTURE, CLUMPAK
Best K, and StructureHarvester to determine if any genetic isolation was shrouded by any
initial partitions. Bar plots were created using DISTRUCT (Kopelman et al., 2015) in the
CLUMPAK server.
We also explored population structure through a discriminant analysis of principle
components (DAPC) on the RADseq data from specimens in all 56 populations. DAPC
is a multivariate approach which clusters individuals and analyzes them through principal
component analysis (PCA) that maximizes differentiation among groups and minimizes
variation within groups (Jombart et al., 2010). The DAPC was conducted in R using the
dapc function in adegenet v2.1 (Jombart 2008). We used a clustering algorithm in the
function find. clusters to find the best cluster size for the data. Samples were cross
validated for clustering assignment by using the reassignment test “assign.per.pop.” The
number of PCs retained for PCA was based on using >90% of genetic variation.

Mitochondrial Phylogenetic Analysis, Population Structure, and Species Delimitation
On a previously sequenced CO1 dataset representing 27 of the 56 sampled
populations, we used two single-locus species delimitation approaches, Automatic
Barcode Gap Discovery (ABGD; Puillandre et al. 2012) and the tree-based General
9

Mixed-Yule Coalescent model (GMYC: Pons et al., 2006), to define molecular
operational taxonomic units (MOTUs) that aid in defining possible species boundaries.
Because of the limited sampling, there are large gaps in the distribution that may
influence the results of species boundaries. ABGD
(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html) deduces candidate species based
on disparities between pairwise genetic distances which can be assumed as intra- and
interspecific separation. We used the Jukes Cantor (JC69; Jukes and Cantor 1969)
evolution model, which assumes equal mutation rates and equal base frequencies, with a
standard relative gap width = 1.5. GMYC uses ultrametric trees to detect when branching
patterns are indicative of speciation events rather than intra-species coalescence processes
and is relatively robust when only single-locus data are available (Fujisawa and
Barraclough, 2013). Phylogenetic trees were created using BEAST2 (v2.6.6). A
Markov Chain Monte Carlo (MCMC) of five million generations was conducted,
sampling every 1000 generations. Trees were annotated using TreeAnnotator (v2.6.6) and
the GMYC test was implemented in R (www.R-project.org/).
Results
Filtering through ipyrad resulted in a dataset consisting of 405 loci containing
94,204 bases with 95% coverage for all 165 individual taxa. Each loci averaged ~230
bases. After initial filtering, beetles that had large amounts of missing data (>85%) were
excluded (n = 4).
3RAD Phylogenetic Analysis
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The Bayesian analysis with 161 taxa resulted in a phylogenetic tree comprised of
11 distinct, genetically isolated lineages that were strongly supported (posterior
probabilities = 1.0) as illustrated in Figures 5-9. The northern region of the distribution
was parsed into three lineages: Northern, lexingtoni, and a distinct lineage found only in
Mullin’s Spring Cave, Jackson County (Figure 7). The central region was parsed into five
lineages: Somerset, River Triangle, Buck Creek, Rockcastle, and a distinct lineage found
only in Haille Cave, Pulaski County (Figure 8). The southern region was parsed into
three lineages: Big South Fork, Southern, and a distinct lineage in Steele Hollow Cave,
McCreary County (Figure 9).
3RAD Species Delimitation
Structure analyses resulted in well-supported clusters of taxa with obvious
boundaries and little evidence of admixture between them (Figure 10). Ten iterations of
each K value processed through CLUMPAK Best K and StructureHarvester revealed the
best fit for the entire dataset of K=2 (Table 3). Independent Structure runs (K = 1–10) on
these initial clusters revealed that neither best fit was K=1, indicating that the
metapopulation may warrant additional clustering. The highest Delta K for the beetles
north of Roundstone Creek was 2, clumping the lexingtoni and Mullin’s Spring
populations into one. The highest Delta K for the beetles south of Roundstone Creek was
4, clumping the Big South Fork, Steele Hollow, Buck Creek, River Triangle, and Haille
lineages together. Beetles from the same cave were consistently assigned together and
had near-congruent assignment probabilities.
For the DAPC analysis, the number of clusters was assigned at 14, a priori, based
on Bayesian topology and using the “find.clusters” algorithm within the pipeline. We
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retained 20 PCs that accounted for >90% of the genetic variance among all individuals
(Figures 9 and 10). The PCA plot produced by our DAPC indicates that the northern
clades (Northern, lexingtoni, and Mullin’s Spring) are much more diverged from the
southern clades than the central and southern clades are from one another (Figure 11).
There is still a visible separation between the clades found centrally and south in the PCA
plot with no overlapping of any clusters occurring. The Haille Cave, the type locality,
was not parsed from its sister River Triangle clade, but the PCA plot indicates that this
cave is relatively distinct from the other individuals assigned to the clade.
Mitochondrial Phylogenetic Analysis, Population Structure, and Species Delimitation
A preliminary Bayesian inference using existing COI sequence data (27 caves,
413 BP) resulted in a phylogenetic tree that consisted of five Darlingtonea clades (Figure
12). The GMYC species delimitation approach resulted in a well-supported tree with
four splits whose probability of acting as a speciation event was >97% (Figure 13, Table
4). These clades correspond with five of the major lineages discovered in 3RAD
analyses. The ABGD approach resulted in four MOTUs with the occurrence of initial and
recursive partition convergence at prior intraspecific divergence (P) = 0.0046, indicating
four to six species which correspond to lineages discovered in 3RAD analyses (Figure 14,
Table 5). Initial partitions stabilized at P = 0.0010, and both recursive and initial
partitions remained stable by P = 0.0026. We ran a Structure analysis (K=1-12) with
3RAD sequence data from only caves that we had CO1 data to identify any disagreement
in grouping individuals. All splits in the GMYC model and ABGD model at P = 0.0046
were supported with the 3RAD technique, though the 3RAD sequence data exposed
further divisions within clades in need of recognition.
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Discussion
This study is one of the first to employ a next-generation sequencing approach
(3RAD) to analyze the population structure of cave beetles within North America.
Compared to single-gene sequence data, the 3RAD approach can generate vast amounts
of genomic data to more strongly support hypotheses about cryptic speciation within a
single genus (Newton et al., 2016). The preliminary single-gene research conducted by
Boyd et al. (2020) using CO1 data was a vital first step in determining the taxonomic
status of Darlingtonea. This study resulted in the discovery of 11 putative cryptic species
that have been divided herein into three main regions based on geography and the
Bayesian topology. All 11 of these lineages are hypothesized to be isolated from one
another by physical features and exhibit a high degree of genetic distance from each
other, indicating that these lineages are on their own evolutionary trajectory and should
be recognized as distinct species.

Northern Region
The northern region of the distribution of Darlingtonea was parsed by the
Bayesian analysis into three lineages: Northern, lexingtoni, and a type locality occurring
in Mullin’s Spring Cave (Figure 15). The Northern lineage is the most widespread of this
region with populations found in 13 caves. Roundstone Creek acts as an isolating barrier
to the south, though this lineage does not occur in the minor Crooked Creek tributary that
is inhabited by other distinct lineages of Darlingtonea. The lack of isolation in this
lineage caused by the Kentucky and Cumberland River watershed separations supports
13

the hypothesis that there is a degree of subterranean interconnectivity between the two
(Barr, 1985). The small amount of apparent admixture in the Climax caves (CLI and
CL2) is likely due to plesiomorphic characters remaining in the genome. All other
populations in the clade have >99% assignment probabilities in Structure and DAPC.
The lexingtoni lineage includes a previously described subspecies, D. k. lexingtoni
Valentine, and is completely restricted to the eastern bank of a northern tributary of
Roundstone creek, Crooked Creek, in southern Jackson County (Figure 15). The Mt.
Vernon Fault divides this clade nearly in half latitudinally, though additional sampling
revealed the degree of divergence on either side of the fault does not support it as the
major stratigraphic barrier that has been proposed in the past (Barr, 1985; Boyd et al.,
2020).
The third lineage within the northern region of Darlingtonea is isolated to a single
cave on the western bank of Crooked Creek. Beetles in Mullin’s Spring Cave (MUL) are
sister genetically to the lexingtoni lineage, but gene flow between them is lacking, likely
by Crooked Creek acting as the isolating barrier. Similarly, the DAPC supported the
distinctness of this clade. In the Structure analysis, MUL was not separated into its own
cluster, but instead was a population that could be assigned to either the Northern or
lexingtoni clades, contradicting the results produced by Bayesian analysis and DAPC.
Analyzing the entire metapopulation could have resulted in MUL being described as an
admixed population (as seen in Structure results), but the degree of genetic isolation and
difference revealed by the Bayesian tree and DAPC support it as its own separate lineage.
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Central Region
The central region of Darlingtonea’s distribution is bounded by the Cumberland
River to the south and Roundstone Creek to the north. The region was separated into five
genetically distinct lineages: Rockcastle, Buck Creek, River Triangle, Somerset, and a
type locality found in Haille Cave (Figure 16).
The Rockcastle lineage is located in southern Rockcastle and northern Pulaski
counties. The population containing ten cave localities is bounded in the south by Buck
Creek and in the north by Roundstone Creek. The southern portion of this lineage
inhabits caves known to be part of the much larger Sinking Valley Cave System
(Simpson and Florea, 2009). There is no known interconnectivity between the Sinking
Valley Cave System and the northern caves that are home to this lineage, but the lack of
genetic isolation between them indicates that there is gene flow throughout the entire
clade. All three analyses (DAPC, Structure, and Bayesian) support the hypothesis that
this lineage is a genetically distinct population of Darlingtonea.
The Buck Creek lineage is comprised of three cave populations that all share
proximity to the western bank of Buck Creek. Cedar Creek Cave (CED) and Dyke’s
Bridge Cave (DYK) are located directly on the edge of the creek. In contrast, Piney
Grove Cave (PIN) is relatively far from the creek but must be a part of the same
interconnected karst system. Buck Creek acts as a northern and eastern boundary for this
lineage, and it is bounded in the south and west presumably by a lack of inhabitable karst.
The lineage to the south and west, Somerset, is geographically adjacent to this clade but
is not closely related, as the Buck Creek clade is more genetically similar to lineages
upstream and downstream of the creek. Therefore, the hypothesis that there is a barrier to
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dispersal to the west and south is supported. The DAPC was able to separate this lineage
into its own distinct clade, but the Structure analyses consistently grouped it with
surrounding lineages that, while sister to Buck Creek, were genetically isolated from the
clade according to the Bayesian topology.
A genetically distinct population of Darlingtonea was identified in Haille Cave
(HAI), the only sample that occurs on the western bank of Buck Creek between the
Cumberland River and Buck Creek. It is unlikely that this lineage is restricted to a single
cave as more sampling in the area will likely expand this lineage’s distribution, but HAI
is genetically isolated from all other samples according to Bayesian topology. This
lineage lumped in with the River Triangle clade in the DAPC and Structure, though
adhering to those separations would result in a paraphyletic lineage based on the
Bayesian topology. HAI is an obvious outlier in both analyses, but neither were able to
parse it out as its own lineage.
The Somerset lineage consists of eight cave localities in central Pulaski County.
The Cumberland River and Buck Creek act as southern and eastern boundaries for the
clade. There is no obvious fluvial barrier between it and the Buck Creek lineage to its
northeast, indicating that there is likely an area lacking inhabitable karst between the two
that restricts gene flow. While the Somerset lineage shares borders with the most other
lineages in the entire distribution, it is only distantly genetically similar to them. It is
bounded from the Buck Creek lineage by presumably uninhabitable karst to the east
while the southern portion of Buck Creek acts as a barrier between the Somerset and
Haille lineage. The Cumberland River acts as a major barrier to gene flow between the
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clade and the southern region lineages. This lineage is the most genetically distant to all
other Central populations.

Southern Region
The southern region of Darlingtonea’s distribution is bounded by the Cumberland
River to the north and the drainage divide between the Cumberland and Red Rivers to the
south. The region was separated into four genetically distinct, monotypic lineages using
Bayesian topology, DAPC, and Structure analyses: River Triangle, Big South Fork,
Southern, and a distinct population occurring in Steele Hollow Cave (Figure 17).
The River Triangle (RT), made by the Cumberland River to the north and its Big
South Fork to the west, was noted by Barr (1985) as a possibly isolated series of cave
systems froms those across these water bodies. The two caves sampled within the RT,
Sloan’s Valley (SLV) and Tater Crockett (TAT), were parsed from the central lineages of
Darlingtonea in the Bayesian analysis and DAPC. The DAPC included HAI as part of
this clade, but this would make the lineage paraphyletic. Although the lineage is
separated by a historically smaller body of water to the southern clades, it is more
genetically similar to the central lineages which are located across the Cumberland River.
The Southern lineage is isolated to tributaries that drain into the Cumberland
River directly without draining to the Big South Fork (BSF) first. The caves included in
this monophyletic clade share assignment probabilities at or extremely close to 1 in both
DAPC and Structure analyses, indicating a strong amount of gene flow within the clade
without recent gene flow with other populations. This lineage is one of the largest in
terms of geographic area and one of the smallest in terms of genetic diversity. This
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indicates that even though a large area is covered by this lineage, there is enough
interconnectivity between cave systems to allow for a high degree of gene flow between
them.
The Big South Fork lineage is comprised of two caves and is bounded by the
Cumberland River to the north, BSF to the east, and the drainage divide between
Cumberland River and BSF to the west. Geographically, this lineage is not a great
distance to the nearest Southern lineage population. The divide between draining into the
BSF and Cumberland River acts as an isolating barrier to this population of
Darlingtonea. The DAPC analysis supports the hypothesis of this clade being a lineage
deserving of taxonomic recognition with a high degree of separation between it and
adjacent clades, though the Structure analyses lumped the Big South Fork and Steele
Hollow lineages into one. The Steele Hollow lineage is the most genetically similar to
this lineage, but genetic distances from one another in the Bayesian topology support
them as separate populations.
Across the Little South Fork of the Cumberland River (LSF) from the Southern
lineage, there is a type locality of Darlingtonea found in Steele Hollow Cave (STL).
This population was not as genetically isolated from its sister clade (Big South Fork) in
the Bayesian topology as other lineages, but the high degree of separation revealed
through the DAPC indicates that it warrants recognition as a standalone lineage. This is
the only occurrence of Darlingtonea east of the LSF and is geographically remote
compared to its sister Big South Fork lineage in which it was lumped during Structure
analyses.
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mtDNA Support
The species boundary analyses on previously sequenced CO1 data (Boyd et al.,
2020) did not include specimens from all 11 lineages discovered through our 3RAD
sequencing. However, the mtDNA dataset was conclusive in separating lineages that
were roughly congruent with those parsed by the 3RAD techniques. Cave populations
representing the Big South Fork, Haille, and River Triangle lineages were only analyzed
with 3RAD sequencing. It is noteworthy that while all other clades are represented by at
least one sample, the CO1 dataset was relatively lacking in sampling (27 caves)
compared to the 3RAD analysis (56 caves). The large sampling gaps between populations
in this subset may have led to inaccurate grouping of some caves on the geographic and
genetic fringes of their respective clades.
The GMYC tree-based approach resulted in a well-supported tree in which five
major clades were supported as genetically separate populations warranting recognition
as independent species (Figure 13). The model combined the lexingtoni and Mullins
Spring lineages in the north, the Steele Hollow and Southern lineages in the south, and
the Somerset, and Buck Creek lineage centrally, respectively. Similarly, the ABGD
approach resulted in groups that are relatively similar to the tree resulting from 3RAD
analyses (Figure 14). The model combined the same populations as the GMYC
approach, though the Steele Hollow population is separated from the Southern lineage as
an independent clade.
Stab Cave (STB) is part of the Rockcastle clade based on all 3RAD analyses, but
it is suggested to be more genetically similar to the Somerset clade in both ABGD and
GMYC analyses. Several caves occurring on each side of STB were sampled after the
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mtDNA subset was analyzed, likely explaining the misrepresentation of this cave in the
smaller dataset.
Both tests ignore the Little South Fork, Roundstone Creek, and the uninhabitable
karst between Buck Creek and Somerset lineages as major barriers to gene flow. Each of
the combinations and misplacements in both tests could be the product of analyzing a
relatively short genetic sequence (413bp) compared to the 94,204bp considered in the
3RAD approaches. The eight lineages represented in the GMYC and ABGD analyses are
clearly identifiable within the resulting phylogenetic trees, and it is possible that
additional specimens and/or genetic data could provide a result more congruent with the
3RAD analyses.

Taxonomic Revision of the Genus and Conservation Implications
The Bayesian analysis, DAPC, and Structure analyses contradicts the
morphologically based description of Darlingtonea as a monotypic genus as overall 11
lineages within the genus Darlingtonea are supported as independent populations on their
own evolutionary trajectory that should be recognized as separate species.
Despite species differentiation being one of the fundamental goals of systematics,
relatively few papers address the development of an explicit methodology for delineating
species (Wiens, 2007). The Cohesion Species Concept (CSC) (Templeton, 1989) is an
integrative approach particularly useful in evaluating species boundaries in
morphologically cryptic taxa experiencing high population structuring (Bond and
Stockman, 2008; Newton et al., 2020). The CSC attributes a species-level designation to
a set of populations that: 1) derives from a single evolutionary lineage, and 2) are not
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genetically and/or ecologically exchangeable. The Bayesian inference and minimum
spanning tree constructed in adegenet both agreed on somewhere within the Central clade
as the single ancestral origin of genus Darlingtonea (Figure 11). The Bayesian inference
also revealed a single common ancestor for each of the 11 major clades in the population.
Bond and Stockman (2008) describe genetic exchangeability as gene flow between
populations. Our study found little evidence of gene flow among clades. The
monophyletic nature of each Darlingtonea lineage coupled with the large genetic
distances between them supports the recognition of each as an independent species.
A model scenario that the CSC would ideally apply to according to Bond and
Stockman (2008) is as follows: a geographically disjunct series of populations, the taxa
are absent from the intervening area separating populations, and gene flow is highly
unlikely. This scenario is strengthened by a situation in which the intervening area is
uninhabitable by the taxa in question. Each clade separation for Darlingtonea is
separated by slightly different hypothesized geographic barriers, though all are fluvial. A
stream that divides clades, such as Roundstone Creek between the lexingtoni and
Rockcastle clades or the Cumberland River between the Somerset and Big South Fork
clades, is undoubtedly an area that is uninhabitable by terrestrial troglobionts. Karst is
developed via dissolution by water over time in this region, so any hidden entrances to a
karst network that could be used by a cave beetle is impossible underneath a creek or
stream. Each clade discovered within Darlingtonea fulfill the criteria to be listed as a
species under the CSC.
Given that each population structuring analysis conducted on the dataset largely
agree and suggest Darlingtonea is composed of 11 distinct clades that cannot admix
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among themselves. Additionally, supporting evidence from CO1 fragments and the
fulfillment of the CSC criteria published by Bond and Stockman (2008), taxonomic
diagnoses of Darlingtonea are needed to document the cryptic species that are currently
considered as a single taxon.
The discovery of cryptic species has important conservation implications for
several reasons. Accurately assessing the richness and endemism of regional species aids
in identifying subterranean biodiversity hotspots within the large expanse of karst present
in the area. A subterranean species with a large distribution and assessed as low
conservation concern may be comprised of several cryptic species with much smaller
geographic distributions and population sizes that are at much greater risk of extinction
(Niemiller et al., 2013). Terrestrial cave faunas already exhibit greater risk of extinction
due to limited dispersal ability and finely tuned physiology to subterranean conditions
(Mammola et al., 2018; Apostolopoulos & Philips, in press). South-central Kentucky
karst is listed as one of the top ten most endangered karst systems, mainly due to
anthropogenic activity threatening sensitive cave ecosystems (Romero, 2009). By
revealing cryptic lineages of Darlingtonea, conservation biologists and managers will be
better able to design plans around protecting cave systems. For example, there are plans
to construct an interstate (I-66) that bisects the distribution of Darlingtonea (Lewis &
Lewis, 2005). Proposed routes would run directly impact populations of several
Darlingtonea lineages that have much smaller distributions than D. kentuckensis as
currently recognized. Construction of an interstate highway would undoubtedly expose
these lineages to higher risk of extinction through pollution, habitat destruction, and
human disturbance.
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There is a possibility that recent localized extinctions of Darlingtonea is already
happening in isolated caves on the fringes of its distribution. Sells Cave (Fentress
County, Tennessee), the southernmost record of Darlingtonea (Harker and Barr, 1979),
was visited by Apostolopoulos and Philips in May 2021. There was no evidence of
Darlingtonea after hours of careful sampling in the relatively short passage. Hadenoecus
crickets were present and adequate habitat for oviposition (where the beetles can hunt for
cricket ova), but the only beetles found were small Pseudanophthalmus species. This
record may be a misidentification of a large Pseudanophthalmus species that inhabits
central Tennessee, or that Darlingtonea was only present in inaccessible areas of the cave
at the time of sampling. The cave is the only record of Darlingtonea in Tennessee and the
Wolf River watershed and was likely a population that deserved recognition as its own
separate lineage.
More empirical data are needed to accurately assess the threat to cryptic lineages
of Darlingtonea. As the extinction looms over global biodiversity, the protection of this
top terrestrial predator would result in the conservation of all troglobiotic fauna found in
the same caves.

23

Figures and Tables

Figure 1. Major geologic features important for development of caves in the southeastern
USA where the western (MP-I) and eastern (MP-II) bands of the Mississippian Plateau
are separated by the Cincinnati Arch (CA). Patterned area indicates known range of
Darlingtonea (Adapted from Barr, 1985; Kane et al., 1992; Boyd et al., 2020). Scale bar
is 80 miles.
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Figure 2. Caves reported by Harker and Barr (1979) located within the range of
Darlingtonea. Solid circles indicate caves reported to contain Darlingtonea, and crosses
indicate caves reportedly absent of Darlingtonea.
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Figure 2. Location of vestigial eyes on Darlingtonea kentuckensis (Baker Cave, Pulaski
Co, KY) using SEM. Dorsal (A) and dorsolateral (B) views. Boxes in the top images at
low magnification indicate areas that are shown in the bottom images at high
magnification. Scattered trichoid sensillae (arrowheads) are visible in the former eye
location. Scale markers for images are 200 µm (top) and 20 µm (bottom).

Figure 3. Photo montage of Darlingtonea kentuckensis Valentine dorsal habitus using a
Synchroscopy photomicroscopy system with Auto-Montage Pro software (Synoptics,
Ltd.). Scale marker is 2 mm.
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Figure 4. Hypothesized evolution of cave trechines in eastern North America adapted
from hypothesis by Barr 1985. Previous hypotheses’ timescale is likely too short based
on molecular data.
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Figure 5. Map of sampled Darlingtonea populations in South-Central Kentucky. Colors
of caves correspond to species groups assigned in Figures 6-9. Scale bar is 12 miles.
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Figure 6. Bayesian topology of Darlingtonea constructed through Mr. Bayes with species
lineage names. Branches with posterior probabilities of 100% are marked by asterisks.
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Figure 7. Bayesian topology of Darlingtonea populations sampled in the northern region
of the genus’s distribution.
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Figure 8. Bayesian topology of Darlingtonea populations sampled in the central region of
the genus’s distribution.
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Figure 9. Bayesian topology of Darlingtonea populations sampled in the southern region
of the genus’s distribution.
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Figure 10. Population structure bar plot created through Structure of best K of 2 for the
initial population (Roundstone Creek barrier). Individual bars represent individual
beetles (n=161). Bar plots organized north to south.

Figure 11. DAPC for 161 samples representing Darlingtonea. 20 PCs retained accounted
for >90% of genetic variance between individuals.
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Figure 12. Unrooted phylogenetic tree from Bayesian analysis of CO1 fragment (Boyd et
al., 2020 data).
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Figure 13. Resulting tree of the single-locus GMYC species delimitation test. Values at
nodes indicate the probability of that node representing a speciation event.

Figure 14. Resulting tree of the single-locus ABGD species delimitation test on 27
populations of Darlingtonea. Groups are shaded and individual assignments are found
following the label name for each.
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Figure 15. Northern clusters of genetically distinct Darlingtonea populations. Major
barriers to dispersal in this region include Roundstone Creek, Crooked Creek, and the
Crooked Creek watershed. Neither the Kentucky/Cumberland River drainage divide or
Mt. Vernon Fault act as major barriers to dispersal.

Figure 16. Central clusters of genetically distinct Darlingtonea populations. Major
barriers to dispersal in this region include Roundstone Creek, Buck Creek, Cumberland
River, and a stretch of uninhabitable karst in central Pulaski County.
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Figure 17. Southern clusters of genetically distinct Darlingtonea populations. Major
barriers to dispersal in this region include the Cumberland River, Big South Fork, Little
South Fork, and drainage divide between the Big South Fork and lower Cumberland
River.
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Table 1. List of Darlingtonea populations included in a study of RADseq genomics,
including taxon code, collection date, and sample size.
Taxon
Code

Cave

County

Collection
Date

N

Taxon
Code

Cave

County

Collection
Date

N

BAK

Baker

Pulaski

Oct-2020

2

JGR

John Griffin

Jackson

Jul-2014

4

BHK

Blackhawk

Pulaski

Jun-2021

2

KOG

Koger

Wayne

Sep-2013

2

BLO

Blowing

Wayne

Mar-2014

4

LAI

Lainhart #1

Jackson

Aug-2014

3

BLS

Blowing
Spring

Jackson

Jun-2021

4

LAK

Lakes

Jackson

Jul-2014

3

BSC

Big Spring

Wayne

Sep-2020

3

LSC

Lish Steele

Wayne

Jan-2021

4

BUF

Buffalo

Clinton

Dec-2020

2

MAR

Marlow Hollow

Rockcastle

Aug-2021

2

CED

Cedar
Creek

Pulaski

Mar-2021

3

MCI

McIver

Clinton

Dec-2020

3

CFL

Columbus
Flowers

Clinton

Dec-2020

2

MOR

Morning Hole

Jackson

Aug-2014

3

CL2

Climax #2

Rockcastle

Dec-2020

3

MUL

Mullins Spring

Rockcastle

Mar-2014

2

CLF

Clifford
Pearson

Estill

Aug- 2014

3

OKC

Old Kentucky

Pulaski

Jan-2021

3

CLI

Climax

Rockcastle

Jul-2014

4

PET

Peter

Rockcastle

Aug-2021

2

COO

Cooper

Wayne

Sep-2020

3

PHC

Pine Hill

Rockcastle

Mar-2014

4

CRO

Crooked
Creek

Rockcastle

Dec-2020

2

PIN

Piney Grove

Pulaski

Oct-2013

3

CTC

Coal Trace

Wayne

Jul-2021

3

POU

Pourover

Pulaski

Oct-2013

3

DAV

Dave’s

Pulaski

Jan-2021

3

RCH

Richardson’s

Pulaski

Oct-2013

3

DOC

Doc’s

Wayne

Oct-2020

2

ROA

Roadside

Pulaski

Jul-2012

3

DUV

Duvault

Rockcastle

Oct-2020

3

ROO

7 Rooms

Pulaski

Oct-2020

3

DYK

Dyke’s
Bridge

Pulaski

Aug-2008

5

SAV

Savage

Clinton

Sep-2013

4

FLE

Fletcher
Spring

Rockcastle

Mar-2014

5

SCR

Short Creek

Pulaski

May-2021

2

GIR

Girdler #2

Pulaski

Oct-2020

4

SLV

Sloan’s Valley

Pulaski

Feb-2009

5

GSP

Great
Saltpeter

Rockcastle

Aug-2014

4

SOR

Sinks of
Roundstone

Rockcastle

Aug-2014

3

HAI

Haille

Pulaski

Aug-2008

1

SRI

Sinks and Rises

Jackson

Aug-2014

4

HAX

Hog
Annex

Pulaski

Jun-2021

3

STA

Stab

Pulaski

Jul-2012

4

HGG

Hogg

Wayne

Sep-2020

2

STL

Steele Hollow

McCreary

Jul-2014

3

HIC

Hicksey

Jackson

Aug-2014

4

TAT

Tater/Crockett’s

Pulaski

Oct-2020

3

HIS

Hisel

Jackson

Aug-2014

1

TEA

Teamers

Rockcastle

Aug-2014

4

HRT

Hurt

Wayne

Aug-2014

4

VIN

Viney Bottom

Jackson

Jun-2021

3

JES

Jesse

Wayne

Sep-2013

3

WIN

Wind

Pulaski

Jul-2012

4
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Table 2. Parameters used in the ipyrad analysis of 3RAD sequence data.
Parameter
assembly_method
datatype
restriction_overhang
max_low_qual_bases
phred_Qscore_offset
mindepth_statistical
mindepth_majrule
maxdepth
clust_threshold
max_barcode_mismatch
filter_adapters
filter_min_trim_len
max_alleles_consens
max_Ns_consens
max_Hs_consens
min_samples_locus
max_SNPs_locus
max_Indels_locus
max_shared_Hs_locus
trim_reads
trim_loci

Description
Assembly method
Datatype
Restriction overhang
Max low quality bases
(Q<20) in a read
Phred Q score offset
Minimum depth for
statistical base calling
Minimum depth for
majority-rule base calling
Max cluster depth within
samples
Clustering threshold for de
novo assembly
Max number of allowed
mismatches in barcodes
Filter for adapters and
primers
Minimum length of reads
after adapter trims
Max alleles per site in
consensus sequences
Max uncalled bases (Ns) in
consensus
Max heterozygotes (Hs) in
consensus
Minimum number of
samples per locus for
output
Max number of SNPs per
locus
Max number of Indels
(insertions/deletions) per
locus
Max number of
heterozygous sites per locus
Trim raw read edges
Trim locus edges
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Value
denovo
pair3rad
ATCGG, CGATCC
5
33
10
10
1000
0.88
0
2
35
2
0.05
0.05
156
0.2
8
0.5
15, 0, 15, 0
0, 0, 0, 0

Table 3. Results of optimal K Evanno assessment by CLUMPAK and StructureHarvester
based on Structure runs of K=1-8. Both approaches resulted in the optimal initial K of
two.
CLUMPAK
StructureHarvester
Ln’(K)
|Ln’’(K)|
Ln’(K)
|Ln’’(K)|
ΔK
ΔK
K=1
0.00
--0.00
--*K=2 1664.67 114836.14 61013.82 1664.67 114836.14 61013.82
K=3 333.79 53822.32 21909.28 333.79 53822.32 21909.28
K=4
1.70
31913.04 6992.59
1.70
31913.04 6992.59
K=5
1.39
24920.45 9714.34
1.39
24920.45 9714.34
K=6
70.38
15206.11 6346.69
70.38
15206.11 6346.69
K=7
74.96
8859.42 16851.37 74.96
8859.42 16851.37
K=8
0.00
-7991.95
-0.00
-7991.95
-Table 4. Summary of GMYC species delimitation results on 27 populations of
Darlingtonea.
Likelihood LR test
# Clusters
# Entities
Confidence
Ratio
result
interval
Yule strict 27.54
<0.001*
5
5
5-5
Yule
27.77
<0.001*
5
5
5-5
relaxed
Constant
24.13
<0.001*
6
6
5-7
Coalescent
Table 5. Results from single-locus ABGD species delimitation test.
P 0.00484
0.00493
1 SRI, MOR, LAK, LAI, JGR, HIS,
SRI, MOR, LAK, LAI, JGR, HIS, HIC, CLI,
HIC, CLI, CLF
CLF
2 GSP, MUL, TEA
GSP, MUL, TEA
3 FLE, SOR, PHC
FLE, SOR, PHC, SAV, JES, BLO, HRT,
KOG, STL
4 STA, PIN, POU, ROA, WIN, RCH STA, PIN, POU, ROA, WIN, RCH
5 SAV, JES, BLO, HRT, KOG
6 STL
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CHAPTER TWO
CONSEQUENCES OF THE GLOBAL CLIMATE CRISIS ON THE CAVE BEETLE
DARLINGTONEA KENTUCKENSIS VALENTINE BASED ON THERMAL
TOLERANCE AND DEHYDRATION RESISTANCE
Abstract
Rising temperatures and diminishing groundwater availability due to the current
climate crisis are predicted to expose cave faunas in eastern North America to
unprecedented novel environmental conditions that could prove detrimental to these
unique ecosystems. Organisms that inhabit relatively stable environments, like caves, are
known to develop narrow physiological tolerances. Cave habitats with their organisms
are simple ecosystems whose homogeneity offers an ideal system for testing the ability of
a highly specialized fauna to tolerate abiotic changes. We tested the capability of a cavespecialized beetle in the eastern United States, Darlingtonea kentuckensis Valentine, to
withstand future climatic shifts in their environment. We exposed individuals to a range
of relative humidities and temperatures for 10 days. The data strongly suggest there is a
temperature threshold for the survival of D. kentuckensis, but it is a higher thermal
tolerance than would be expected in an environment that has not fluctuated in recent
evolutionary time. The wider-than-expected thermal tolerance breadth suggests remnant
physiological characteristics of ancestral epigean carabids. Decreasing the relative
humidity in the environment resulted in a much more dramatic decline in survival,
suggesting highly evolved specialization for constantly high humidity environments. The
narrow humidity threshold in which troglobionts can survive may be a much more
apparent limiting factor in adapting to climatic shifts within a cave environment than
temperature.
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Introduction
Caves in the eastern United States are estimated to have formed between 10 and
15 million years ago (mya) through the dissolution of limestone deposits dated to the
Mississippian Period (White et al., 1970). Karst landscapes, in which water travels
underground through carbonate rock rather than in above-ground streams, account for 2025% of all ice-free land surface on Earth (Ford and Williams, 2007). Karst ecosystems
provide homes to organisms that are highly specialized for the extreme conditions within
these habitats (Barr, 1969; Culver et al., 2009; Romero, 2009).
It has been commonplace to deem caves as dismal and depauperate ecosystems
due to their lack of primary productivity and further, relatively limited amount of
ecological research has been done within these environments (Romero, 2009). In reality,
some cave ecosystems are teeming with a surprisingly large array of taxa that have often
convergently evolved various traits to survive in the generally low-energy, lightless
environment they inhabit (Soares and Niemiller, 2020; Romero, 2009). For example, 18
different families of Coleoptera (beetles) have been reported to have colonized caves in
different regions around the world (Romero, 2009). In North America, three families of
this order, the Carabidae, Leiodidae, and the Pselaphidae, include true obligate cave
dwellers (troglobionts) (Barr, 1968; Peck, 1998).
The South-Central Kentucky karst system is among the top 10 most endangered
karst systems in the world (Romero, 2009) and the Interior Plateau is home to among the
largest assemblages of obligate cave fauna in North America (Christman et al., 2005;
Lewis and Lewis, 2005; Niemiller and Zigler, 2013). Further, Eastern North American
cave ecosystems are home to 170 described trechine cave beetle species with some
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endemic to single caves as well as several critically endangered species (Barr, 1979;
Christman et al., 2005). North American cave beetles are extremely diverse, with over
250 species estimated in the genus Pseudanophthalmus alone (Peck, 1998).
Eastern North American cave trechines were once thought to have evolved during
glacial-interglacial transitions of the Pleistocene that concluded by warming and drying
as the Holocene began (Barr and Holsinger, 1985), but cave beetles likely evolved much
earlier than the Quaternary. If similar to the evolution of cave trechines in the Pyrenees
(Faille et al. 2010), the time of origin may be around 10 mya, an age that is close to an
estimate of 13 mya for the Eastern USA clade (Philips unpublished). In contrast, the cave
trechines and a clade of subterranean European leiodids (Ribera et al., 2010), may have
first appeared as early as the late Eocene ~35 mya (see Faille et al. 2013). Regardless of
age of origin, fauna adapted for an earlier cooler, wetter surface climate are believed to
have utilized caves originally as refugia but eventually became specialized troglobionts
confined to life in caves (Barr and Holsinger, 1985). Long appendages, conversion to
winglessness, and reduction or elimination of functional eyes are all unique
troglomorphisms that hinder the ability or even prevent cave-specialized organisms from
dispersing outside of their cave refuges (Hedin, 1997; Snowman et al., 2010; Cardoso et
al., 2011a, b; Romero, 2011; Yao et al., 2016). There has been only one record of a
troglobiotic Pseudanophthalmus beetle occurring outside of a cave, but this was after
heavy rains presumably washed the individual out from its cave habitat (Barr and Peck,
1965).
Cave environments have a constant temperature year-round that usually reflects
the average annual temperature of the region but can fluctuate depending on elevation
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and presence of water (Tuttle and Stevenson, 2011). Caves that support subterranean life
also exhibit relative humidities (RH) generally not reflecting the conditions outside the
cave and are typically much higher as evaporation rates are near-zero within a short
distance from the cave entrance (Barr and Holsinger, 1985; Tuttle and Stevenson, 2011).
Inhabitants of relatively constant environments such as caves are known to exhibit
narrower physiological tolerances (Futuyma and Moreno, 1988). For example, several
specialized hypogean arthropods are limited to either a constant or narrow range of
subterranean environmental conditions in which they are found (Delay, 1978; Huevy and
Kingsolver, 1989; Lencioni et al., 2010; Bernabò et al., 2011; Novak et al., 2014; Rizzo
et al., 2015). Further, the effects of changing climates have already been noted in cave
arthropods. Populations of highly specialized troglobiotic spiders in the western Alps are
declining and it is suggested that this is due to slight temperature changes in their cave
environments (Mammola et al., 2018). Other cave-specialized arthropods, like
troglobiotic and troglophilic beetles in the Alps, appear to exhibit thermal tolerance to
slight temperature increases for a short period of time but only up to a certain threshold
(Rizzo et al., 2015; Pallares et al., 2019).
In the eastern United States, cave systems normally average around 12-13
degrees Celsius and nearly 100% relative humidity (Marsh, 1969; Perry, 2013). The
consistency of the conditions inside any cave is due to the insulation and protection
offered by the cave substrate from weather changes happening above ground. The impact
of constant temperature and humidity on the tolerance range of cave organisms has been
little researched, but it is vitally important to understand how climate change and
anthropogenic activity will impact cave faunas in the future. While the climate in caves
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will not change as quickly as in above-ground habitats, it is predicted to shift due to
rising temperatures and changing precipitation patterns (Badino, 2004); indeed, the
eastern United States is expected to become both warmer and wetter (US EPA, 2016).
While rainfall is expected to increase in Kentucky, it will be countered by rising
evaporation rates. One prediction suggests that groundwater recharge is expected to
decrease 2.5-5% each year and droughts are likely to be increasingly severe (US EPA,
2016). While cave conditions are considered relatively constant, there is a direct
association between the external climate and the cave environment (Moore and Sullivan,
1964; Smithson, 1991; Badino 2004; 2010; Covington and Perne, 2015).
Climate change remains an existential threat to global biodiversity. As a part of
the web of life, cave habitats and their species are simple ecosystems whose homogeneity
offers an ideal model system for testing the ability of specialized fauna to tolerate abiotic
changes within ecosystems (Rizzo et al., 2015). In that light, research was conducted on
the cave-specialized beetle, Darlingtonea kentuckensis Valentine, 1952. A robust
population enabled one of the most statistically significant studies to date on the tolerance
of a troglobiont to adverse (i.e., non-cave) conditions. Experiments were conducted by
exposing individuals to both different relative humidities and temperatures to document
their ability to survive. We hope this study improves our understanding of the ability of
troglobionts to withstand future climate changes within their cave habitats.

Materials and Methods
Target species, collection, and holding conditions
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Darlingtonea kentuckensis Valentine is one of the better-known cave beetle
species that has a large range in eastern Kentucky. A relatively large-bodied (7.3-7.7mm)
trechine, populations in caves on rare occasions can be considerable with a hundred or
more individuals present on a single sand bank. Here they hunt for their main food
source of cave cricket (Hadenoecus sp.) eggs. This cave beetle acts as a top terrestrial
predator in much of the Mississippian karst hypogean habitats located in a nearly 200
square mile area on the eastern flank of the Cincinnati Arch karst system (Boyd et al.,
2020).
Adult specimens were collected by hand in July 2021 in Wind Cave, Pulaski
County, Kentucky (specific location details are not provided to reduce potential
disturbance to the cave but may be obtained through the Kentucky State Nature Preserves
Commission). This cave has a notably large population of Darlingtonea. Teneral
individuals (freshly emerged adults with untanned exoskeletons) were excluded to
maintain physiological consistency between individuals. Temperature at the site of
collection was 11.8-12.2°C and had a humidity of 95% RH (measured with a HOBO Pro
Series data logger).
Specimens were transported to Western Kentucky University (Bowling Green,
Kentucky) in a styrofoam cooler under controlled temperature and humidity to minimize
the amount of stress on the beetles. A wet paper towel was placed in each transport
container to maintain humidity (> 90% RH) and cooler packs were used to maintain a
~12°C temperature. An Onset HOBO Pro Series data logger placed in the transport
container confirmed cave conditions were maintained during transport. Once in the lab,
specimens were placed in plastic containers (15 x 15 cm) with a moist Plaster of Paris
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(DAP®) layer (approx. 1 cm thick) and acclimatized in a humidity control chamber at
12°C (Intellus environmental controller chamber; Percival Scientific) for 2 days prior to
placement into separate conditions. To avoid starvation stress, frozen Drosophila were
provided ad libitum to each container during acclimatization and replenished throughout
the experiment.

Dehydration Resistance
To estimate the tolerance to desiccation, survival was assessed at different relative
humidities for seven days. Four PYREX knob top nonvacuum glass desiccators
(approximately 30 cm x 30 cm, from Fisher Scientific) were placed inside a Percival
Scientific Intellus environmental control chamber and the temperature was kept at
constant cave temperature (12°C) for all four treatments to avoid any thermal stress.
Ratios of glycerol/water mixtures in the bottom of each humidity control chamber were
used to achieve 50%, 65%, 80%, and 100% relative humidity and was confirmed by
Onset HOBO Pro Series data loggers. The chambers were allowed to stabilize for two
days before specimens were introduced. A high-walled glass dish of specimens (n = 10)
was placed on a shelf above the glycerol/water mixture within each chamber. Survival
was checked every 12 hours and beetles were recorded as dead (no movement when
agitated with a brush) or alive (any kind of movement including when agitated with a
brush).

Basal Thermal Tolerance
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Survival rates at different temperatures were used to estimate heat tolerance.
Containers of beetles (n = 18-20) were placed into five treatments for 10 days at 12, 16,
20, 24, and 30°C using Intellus environmental control chambers (12 and 20°C) and VWR
incubators (16, 24 and 30°C). High humidity (> 95% RH) was maintained throughout
the experiment by wetting paper towels within the container to avoid any desiccation
stress. Survival was checked every 12 hours and was recorded as dead or alive as in the
previous experiment.

Data Analysis
Non-parametric Kruskal-Wallis (ANOVA K-W) and Mann-Whitney U-tests were
used to evaluate the difference in survival at various temperatures and humidities.
Multiple comparison tests were also conducted to detect significant differences between
treatments. All statistical analysis was conducted using VASSARSTATS
(vassarstats.net).

Results

Dehydration Resistance
Beetles exposed to conditions drier than that of a cave environment (50, 65, and
80% RH) did not survive longer than 3 days once in treatment (Fig. 1). The closer the
humidity was to ~100%, the longer beetles survived (Fig. 2). A Kruskal-Wallis test
indicated that the survival of D. kentuckensis differed significantly between normal cave
conditions and the drier artificial conditions (H (3) = 29.7, p < 0.0001; Table 1).
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Additional pairwise Mann-Whitney U-tests indicated that survival in all 3 drier
treatments differed significantly from the natural cave environment and from each other
(Table 2).

Basal Thermal Tolerance
Sample populations of D. kentuckensis were tolerant to higher temperatures for
relatively long periods of time (Fig 3), although beetles survived for less time when
exposed to the highest temperatures (Fig 4). A Kruskal-Wallis tests indicated that there
was a significant difference in D. kentuckensis survival when exposed to conditions
warmer than their cave environment (H (4) = 64.66, p < 0.0001; Table 1).
Interestingly, the 12°C, 16°C, and 20°C did not differ significantly from one
another when analyzed with pairwise Mann-Whitney U-tests. At the highest temperature
of 30°C, beetles did not survive more than 24 hours and their average survival time was
significantly less than all of the other four temperatures tested (p < 0.0001, n = 20). At
the next-highest temperature of 24°C, the population (n = 20) survived for significantly
less time than cave conditions (p < 0.0001), but survival was significantly higher than at
30°C (p < 0.0001). The next two lowest temperatures, 20°C and 16°C, did not show any
significant variation from survival under cave conditions.

Discussion

The physiological mechanisms behind tolerance to a great range of conditions are
processes that are energetically costly and could have been selected against once confined
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to a stable environment (Krebs and Loeschcke, 1994; Monoghan et al., 2009; Tomanek,
2010). It is thought that the troglophilic ancestral fauna adapted to cooler, wetter
conditions took refuge in caves, sinkholes, ravines, leaf litter, and deep soil to avoid
desiccation when the surface environment dried and warmed (Barr, 1968; Boyd et al.,
2020). Prolonged orthogenesis under relatively stable conditions in caves (and possibly
deep soil) resulted in the eventual shift from troglophily into troglobiotic species (Barr,
1968).

Thermal Tolerance
The climatic variability hypothesis (Stevens, 1989) states that species from more
thermally stable environments should have much narrower thermal tolerance breadths
and reduced acclimation capacity than species from more climatically variable
environments. This higher sensitivity to thermal variability has been observed in both
invertebrates and vertebrates found in environments that maintain stable temperatures
(see Di Lorenzo and Galassi, 2017; Feder, 1978; Somero, 2005; Tomanek, 2008; Shah et
al., 2017; Markle and Kozak, 2018). In contrast, tolerance to a great range of
temperatures in some species inhabiting stable environments have been observed, such as
in troglobiotic leiodid beetles in Europe that have maintained a high level of thermal
plasticity (Pallares et al., 2020).
The thermal tolerance of D. kentuckensis was surprisingly broad. Beetle survival
only began to decline significantly between 20°C and 24°C (Figs. 3, 4), which is seven to
11° higher than any temperature they or their ancestors would have had to endure for
presumably several million years or more. The data suggest there is a temperature
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threshold of slightly higher than 20°C for the survival of D. kentuckensis. Troglobiotic
and troglophilic coleopterans have exhibited similar temperature thresholds (20-25°C) in
cave systems around the world (see Pallares et al., 2019; Rizzo et al., 2015).
While the fauna found in thermally stable environments are expected to exhibit a
relatively narrow thermal tolerance, this may be shaped by their evolutionary history.
Lineages of troglobiotic fauna that are believed to have colonized caves earlier in their
evolutionary history are thought to correspond with higher thermal sensitivity. In
contrast, fauna that have colonized caves more recently may still exhibit greater
tolerances remnant of their phylogenetically closer generalist epigean ancestors (Pallares
et al., 2019). As the climate of eastern North America was highly variable during glacialinterglacial transitions and much less so via annual seasonal fluctuation, troglophilic
ancestors may have had wide temperature tolerance breadths which could still exist in
their extant troglobiotic descendants despite their now stable environment (Issartel et al.,
2005; Mermillod-Blondin et al., 2013; Rizzo et al., 2015; Pallares et al., 2019).
There were observable behavioral differences in populations with varied
temperatures. At 12°C, the beetles were notably active but did not seem to eat or tamper
with any dead beetles. In contrast, beetles in the 16°C treatment were observed carrying
pieces of beetle carcasses in their mandibles and likely scavenging, although predation
cannot be rejected. No disarticulation of carcasses was observed in the three higher
temperature regimes, but activity had notably increased. Large cave trechines have very
low metabolisms that allows them to sustain themselves for weeks on a single meal
(Griffith and Poulson, 1993). A single egg can satiate an adult Neaphaenops (a
morphologically similar taxon to the study species native to central Kentucky) for more
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than two weeks at normal cave conditions (Smith, 1986). It is possible that sustained
exposure at a higher temperature caused a rise in metabolism, resulting in a strong need
to replenish energy stores via feeding. This shift in metabolism could significantly
impact long-term survival in D. kentuckensis and other troglobionts that have highly
specialized physiologies that are adapted to a decreased, erratic food supply in most caves
(Barr, 1968).

Dehydration Resistance
The results from exposing populations of D. kentuckensis to lower-than-normal
relative humidities were dramatic and suggest highly evolved specialization for high
humidity environments. With temperature at a constant 12°C (as in their cave habitat),
no beetles in any treatment outside of the 100% RH control (i.e., 80%, 65%, and 50%
RH) survived longer than three days (Fig. 1). There was significant difference in survival
across all four relative humidities, with each having a significantly lower average
survival than the next highest humidity (Fig. 2). The narrow humidity threshold in which
troglobionts can survive is apparently a much more limiting factor than temperature in
adapting to future abiotic shifts within their cave habitat.
Preference for high humidities is not uncommon in epigean beetle species (see
Neve, 1994; Šustek et al., 2017; Kirichenko-Babko et al., 2020), and only a physiological
comparison of D. kentuckensis and an epigean sister species could reveal if the lack of
desiccation resistance is a cave adaptation and not an ancestral trait shared by other
trechines. According to Maddison et al., (2019), an epigean Trechine beetle closely
related to D. kentuckensis is the genus Trechus Clairville. Physiology research conducted
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on any epigean relatives of D. kentuckensis is lacking, but ecological studies indicate that
at least one Trechus species (T. quadristriatus Schrank) has a preference for relatively
dry conditions that may indicate a high tolerance for low humidities (Kriegel et al.,
2021).
The limited dehydration resistance observed in D. kentuckensis is consistent with
previous studies focusing on troglobiotic desiccation tolerance. Cave cricket species in
the eastern United States with increased troglomorphic adaptation have much lower
desiccation tolerances than species closely related but less troglomorphic (Yoder et al.,
2011). Troglobiotic carabid beetles in Australia are completely absent in caves with low
or varying relative humidity, whereas caves with adequate moisture hold abundant
populations (Humphries and Collis, 1990). Even in vertebrates, the cave adapted coqui
frog species, Eleutherodactylus cooki Grant, demonstrates higher rates of water loss than
its close epigean relative E. coqui Thomas (Rogowitz et al., 1999). Lastly, a pattern of
high humidity dependency by D. kentuckensis may have been observed in Climax Cave
(Rockcastle County, Kentucky) in the eastern United States (Apostolopoulos and Philips,
unpublished); an apparent “death zone” was discovered with noticeably drier conditions
after climbing up to an elevated region deep in the cave. Here numerous remains of
beetles were discovered and no live individuals were found (Fig. 5).
The wider-than-expected thermal tolerance breadth observed in D. kentuckensis
suggests remnant physiological characteristics of ancestral troglophilic carabids. In
contrast, the narrow humidity tolerance suggests that a decrease in epigean habitat
moisture in the past could better explain the eventual restriction of now-troglobionts to a
subterranean existence. In summary, a wide range of thermal tolerance may have been
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necessary for survival during the transition to cave life, while the necessary humid
conditions could be found through microhabitat refugia.

Climate Change Implications
With obvious sensitivity to humidity differences in their environment, D.
kentuckensis and presumably other troglobionts with similar evolutionary histories are
under serious threat from altered conditions in their subterranean environment.
Theoretical models (Badino, 2004; Covington and Perne, 2015) and direct field
observations (Dominguez-Villar et al., 2015) suggest that the underground climate may
be significantly influenced by anthropogenic climate change. The United States
Environmental Protection Agency (2016) estimates that groundwater recharge in
Kentucky is decreasing 2.5 to 5% annually. Droughts in Kentucky are also expected to
become increasingly frequent and severe from altered precipitation patterns due to
climate change (USEPA, 2016).
Notably, the effect of epigean climate change on the hypogean environment is not
immediate; there is typically a time lag of up to several decades underground due to the
thermal inertia properties of caves (Dominguez-Villar et al., 2015; Badino, 2004).
Cascade effects on both physical and biological components of cave ecosystems are
likely due to the accumulation of energy fluxes from the atmosphere to the underground.
For example, the effect on air density gradients will modify air circulation in caves
through small temperature changes, causing potential fallout in condensation and erosion
processes, speleothem growth, and seasonal ventilation rates (Dominguez-Villar et al.,
2015). It is also noteworthy that climate change in the southeastern United States will not
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be as rapid as the changes the beetles were exposed to in this experiment. The rapidity of
temperature change experienced by beetles in this study is much more aligned to an event
in which a beetle leaves the cave either by a flooding event or potentially wandering
outside the cave during cool periods of the year.
The stability of cave temperature is largely due to the insulation provided by the
carbonate rock layer (Badino, 2010), which is at the thermal equilibrium of the water
running through it from precipitation (Badino, 2010). As climate change increases
temperatures above ground, the warmer water flowing through the karst will eventually
cause a rise in cave temperature (Badino, 2010). Although a concern, this may not be
dramatic enough to cause population declines in D. kentuckensis compared to the effect
of lower humidity.
It is predicted that the changes in temperature, groundwater availability, and
humidity will expose cave fauna to unprecedented novel environmental conditions.
Changes in the physical properties of the cave air (both temperature and humidity) are
understood to be the most important aspects that humans will impact within these unique
terrestrial ecosystems (Romero, 2009). In addition to climate change, agriculture, oil and
gas extraction, expanding transportation corridors, and urban development are all leading
threats to the South-Central Kentucky Karst ecosystem (Romero, 2009).
Behavioral thermoregulation through microhabitat selection is reduced in
troglobionts due to their restriction to cave habitats. Further issues of species endemic to
caves and other isolated habitat fragments, such as islands and mountain summits, are
limited distributions, low recolonization potential, and reduced vagility that all hinder
dispersal to new habitat (Hedin, 1997; Snowman et al., 2010; Yao et al., 2016; Cardoso
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et al., 2011a, b). Based on this research, the climate crisis with its current trajectory
could result in the irreversible failure in the functioning of hypogean ecosystems
including high levels of troglobiont extinction.
The results from exposing populations of D. kentuckensis to different relative
humidities suggest highly evolved specialization for high humidity environments. The
narrow humidity threshold in which these beetles can survive is a much more apparent
limiting factor than increasing temperatures in adapting to climatic shifts within a cave
environment than temperature. The wider-than-expected thermal tolerance breadth in D.
kentuckensis suggests remnant physiological characteristics of ancestral troglophilic
carabids. Changes expected in temperature, groundwater availability, and humidity
within caves are predicted to expose this fauna to unprecedented novel environmental
conditions as the climate crisis continues to pose an existential threat to this small but
unique part of global biodiversity.
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Tables and Figures

Figure 1. Percentage survival throughout the experiment at respective relative humidities.

Figure 2. Average number of days D. kentuckensis survived at respective relative
humidities. Error bars indicate standard error (n = 10).
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Figure 3. Percentage survival throughout the experiment at respective temperatures.

Figure 4. Average number of days D. kentuckensis survived in different temperatures.
Error bars indicate standard error (n = 18-20).
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Figure 5. Apparent “death zone” discovered in Climax Cave, Rockcastle Co. KY, where
conditions were notably drier than areas of the cave containing live taxa. Arrows indicate
remains of dead D. kentuckensis.
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Table 1. Results of Kruskal-Wallis K tests to evaluate whether the population medians on
temperature and humidity are statistically different across all levels.
Temperature
Relative Humidity
Kruskal Wallis K
df
P

64.66
4
<0.0001*

29.7
3
<0.0001*

Table 2. Respective p-values, U values, and z values for pairwise Mann-Whitney U-tests
comparing survival at different relative humidities (n = 10).
80%
100%

80%

p<0.0001*
U= 0
z= 3.74

65%

50%

<0.0001*
0
3.74

<0.0001*
0
3.74

0.0228*
23
2

0.0003*
4
3.44
0.0244*
23.5
1.97

65%
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Table 3. Respective p-values, U values, and z values for pairwise Mann-Whitney U-tests
comparing survival at different temperatures (n = 18-20).

Cave
(12°C)

16°C

16°C

20°C

24°C

30°C

p= 0.5
U= 200.5
z= 0

0.337
195
-0.42

<0.0001*
35
4.45

<0.0001*
0
5.4

0.3483
194
-0.39

<0.0001*
38.5
4.36

<0.0001*
0
5.4

0.0001*
51.5
3.74

<0.0001*
0
5.25

20°C

<0.0001*
0
5.4

24°C
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